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In situ imaging reveals different responses by naive and memory
CD8 T cells to late antigen presentation by lymph node DC after
influenza virus infection
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Abstract

Pulmonary influenza infection causes prolonged lymph node hypertrophy while processed viral
antigens continue to be presented to virus-specific CD8 T cells. We show that naive, but not central/
memory, nucleoprotein (NP)-specific CD8 T cells recognized antigen-bearing CD11b* DC in the
DLN more than 30 days after infection. After these late transfers the naive CD8 T cells underwent
an abortive proliferative response in the mediastinal lymph node (MLN), where large clusters of
partially-activated cells remained in the paracortex until at least a week after transfer. A majority of
the endogenous NP-specific CD8 T cells that were in the MLN between 30-50 days after infection
also showed signs of a continuing response to antigen stimulation. A high frequency of endogenous
NP-specific CD8 T cells in the mediastinal lymph node indicates that late antigen presentation may
help shape the epitope dominance hierarchy during reinfection.
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Introduction

Influenza virus infections induce robust CD8 T cell responses which assist in viral clearance.
Although pre-existing virus-specific memory CD8 T cells cannot prevent a new infection, they
can provide short-term heterosubtypic immunity as shown by reduced viral titers in the lungs
after secondary challenge [1;2]. Although T cell mediated immunity to influenza virus infection
has been extensively analyzed it remains unclear why heterosubtypic immunity disappears
within a few months [1] while large numbers of virus-specific memory CD8 T cells remain in
the circulation for at least two years [3]. Some investigators have suggested that antigen
persistence plays an instrumental role in protective cellular immunity particularly for localized
infections of peripheral tissues such as the lungs [4;5], however no underlying mechanism has
been described. This idea is supported by the presence of activated virus-specific CD8 T cells
in the respiratory tract during the months following influenza and other respiratory virus
infections [6-9]. Although infectious influenza virus cannot be detected beyond about 10 days
post infection (d p.i.) we and others were able to show that processed viral antigens continued
to be presented to virus-specific CD8 T cells in the draining lymph nodes (DLN) of the
respiratory tract until at least two months after infection [9;10]. Endogenous NP-specific CD8
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T cells, which showed signs of a response to late antigen presentation, were retained near the
site of infection while the processed viral antigens were present [9]. Although a great deal of
attention is currently being focused on elucidating the mechanisms that govern naive T cell
activation during acute infections, very little is known about the antigen presenting cells (APC)
that participate in the late antigen presentation (i.e. after the contraction of the effector T cell
response), or the role that persistent antigen presentation in discrete anatomical niches such as
the DLN may play in shaping the virus-specific T cell response.

To address these questions we used flow cytometry and scanning confocal microscopy to
analyze the responses of transferred and endogenous NP-specific CD8 T cells to late antigen-
presentation (>30d pi). We show that CD11b* DC present processed NP antigen to naive, but
not central/memory CD8 T cells long after the contraction of the effector T cell response. High
frequencies of activated endogenous NP-specific CD8 T cells in the MLN indicate that late
antigen presentation may contribute to a shift in epitope dominance during reinfection. These
results have important implications for immunity, since some virus-specific memory T cells
are likely to be protected from ‘exhaustion’ or ‘anergy’ during prolonged antigen presentation.
Inaddition, since memory CD8 T cells can kill some DCs invivo [11] their inability to recognize
the CD11b*™ APCs could be essential for antigen persistence.

Naive F5 cells respond to antigen-bearing APCs in the DLN

We previously used NP3gg_374/DP-specific CD8 T cells from F5 RAG ™~ T¢R transgenic mice
[12] to map the duration of antigen presentation after influenza virus infection [9]. The naive
F5 cells were able to detect NP antigen in the DLN more than a month after infection as shown
by CFSE-dilution. To further investigate the mechanism of this late T cell activation we have
used scanning confocal microscopy to follow interactions between the transferred F5 cells and
antigen-bearing APCs within the anatomical environment of the DLN.

Toanalyze F5 T cell activation mice were infected with the reassortant influenza virus E61-13-
H17 which expresses the NP3g6_374 peptide sequence that is recognized by CD8 T cells from
F5 TcR transgenic mice [12]. Other mice were infected with HKx31 which is an identical to
E61-13-H17 except for two amino acids in the NP peptide which prevent F5 activation [13].
C57BL/6 mice clear the E61-13-H17 and HKx31 viruses from the lungs with very similar
kinetics (not shown). One month after infection the mice received mixed populations of naive
CFSE-labeled CD8 T cells from CD45.1+ F5 mice or control cells from CD45.1/CD45.2+ OT-
| [14] TcR transgenic mice (ratio 1:1 as shown in the control mice). Six days after the transfer
peripheral lymph nodes from the recipient mice were analyzed for dividing CD8 T cells by
flow cytometry using the CD45.1 and CD45.2 markers (Fig 1A). The transferred F5 cells did
not divide in control mice that had been infected with HKx31 and OT-I cells did not divide in
either group of animals. The F5 cells only initiated cell division in the mice that had been
infected with E61-13-H17 as shown by dilution of the CFSE dye on day 6 after transfer. The
CFSE-dull cells that were detected in the ILN of the E61-13-H17 infected mice were most
likely cells that entered the circulation after activation, since we have not been able to detect
late antigen presentation at this site [9].

Most of the F5 cells that reached the MLN upregulated CD11a and CD69 within 48hrs of
transfer and CD3 was downregulated (Fig. 1B). By 5d after transfer CD11a was uniformly
upregulated and many cells expressed PD-1 at high levels. In contrast to other effector T cells
which typically lack CD62L expression, the transferred F5 cells maintained CD62L expression
throughout the response to late antigen stimulation and only 10-15% were able to make
IFNy in response to in vitro restimulation (not shown). These data supported our previous
conclusion that the transferred F5 cells were only partially-activated during late antigen
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presentation [9]. The partially-activated phenotype of the transferred cells was not substantially
changed when 100 fold fewer cells were transferred on day 30 after infection (not shown). A
very similar phenotype was also detected when the transfers were performed between15-25 d
p.i. suggesting that a change in the mechanism of antigen presentation, which prevented full
effector T cell generation, took place soon after the contraction of the effector T cell response
(not shown). Other F5 cells that were transferred to B cell-deficient (uMT) mice 30 days after
E61-13-H17 infection gave almost identical results demonstrating that neither B cells nor
antibodies played an essential role in late antigen presentation to NP-specific CD8 T cells.

Partially-activated F5 cells remain clustered in the MLN during late antigen presentation

Tofollow late CD8 T cell activation in situ, CFSE-labeled F5 cells were transferred to E61-13-
H17 mice 30d p.i as above. On different days after transfer the MLN from the recipient mice
were fixed and cut into 300um sections using a vibratome to facilitate access to internal tissue.
Stained sections were analyzed by scanning confocal microscopy and images were
reconstructed from Z-stack composites (Fig. 2). Antibodies to CD11c and B220 were used to
identify T and B cell areas of the MLN respectively. These studies revealed increasingly large
aggregates of F5 cells in the paracortex of the MLN between 3—7 days after transfer.
Representative examples are shown in Figure 2.

The spot-check™ function of the Imaris Surpass Suite indicated that there were ~100-120 F5
cells in these clusters on day 3 after transfer (not shown), however some aggregates had
increased considerably in size by day 7 after transfer (Fig. 2B top panels). The presence of both
CFSE+ and CFSE- F5 cells suggested that the aggregates included late arrivals and were not
the progeny of individual T cell clones. No similar groups of transferred F5 cells were found
in uninfected control mice (Fig. 2C, bottom panels). An inverse correlation between the size
of the transferred F5 cells and the intensity of the CFSE-dye was evident by line scan analysis
(not shown) indicating that the F5 cells were blasting as they divided. The aggregates of F5
cells had largely dispersed by day 14 after transfer, although many F5 cells remained in the
paracortex of the MLN.

To determine which DC were participating in late antigen presentation (<30d p.i.) we purified
different subsets of CD11c* cells based on CD8 and CD11b expression (Fig 3). When DC were
purified from the MLN on day 8 after E61-13-H17 infection both CD11b+ and CD11b— DC
induced the naive F5 cells to initiate cell division in vitro without a requirement for added
peptides (Figure 3A). In contrast, by 30d pi only wells that received CD8 CD11b* DC
contained detectable numbers of dividing F5 cells that expressed PD-1 which is a marker of
recently stimulated CD8 T cells [15] (Figure 3B). These studies indicated that CD11b+ DC
were participating in late antigen presentation to the naive F5 cells. We used the Imaris®
colocalization program to analyze for close contacts between the transferred F5 cells and
CD11b+ DCinsitu. High magnification images showed extensive areas of close contact (white
areas) between CD11c+ CD11b+ DC and transferred F5 cells, as illustrated using single 2um
slices (Figs. 4A-C). Larger areas of white coloring indicate more extensive areas of close
contact. The Imaris program did not reveal extensive interactions between transferred F5 cells
and CD11c+ APCs in control animals that were preinfected with HKx31, or animals that
received naive OTI cells (Fig. 4D).

NP-specific memory CD8 T cells preferentially express an activated phenotype in the DLN

To investigate whether the endogenous NP-specific CD8 T cells were responding to late
antigen presentation in the DLN (>30d p.i.), we compared the activation markers on the virus-
specific T cells with tetramer-negative CD8 T cells in the different tissues (Figure 5). Others
have shown that after primary influenza virus infection, NP-specific CD8 T cells are
represented in similar numbers as acid polymerase (PA)-specific CD8 T cells in most tissues,
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however the NP-specific CD8 T cells become dominant (by about 5:1) during secondary
influenza infection [16;17]. Consistent with these studies we found similar numbers of PA and
NP-specific cells in the lungs (Fig. 5A) and spleen (not shown) after primary infection.
However a majority of the mice had considerably larger numbers of NP- than PA-specific CD8
T cells in the MLN 30d p.i. (~ 4:1), indicating a shift toward NP dominance at the site of late
antigen presentation which has not been reported previously. We have obtained consistent
results from a large numbers of animals that were analyzed between 20-50 days after E61-13-
H17 infection and also mice that were infected with either HKx31 or WSN-OVA (not shown).
This skewing in favor of NP dominance in the MLN during primary infection was very similar
to the ratio observed in the lungs during heterosubtypic challenge [16-18](and data not shown).

Most of the NP and PA-specific cells that were in the lungs 30d pi lacked CD62L expression
indicating that they were effector or effector/memory T cells [19]. More surprisingly, almost
all of the endogenous NP-specific T cells that were recovered from the lymphoid tissues also
lacked CD62L expression indicating a systemic effector or effector/memory T cell response
to the NP antigen. There were only small numbers of PA-specific T cells that in the MLN 30d
p.i. which included some CD62L+ cells indicating the presence of some central/memory T
cells (Figure 5A).

Reduced CD62L expression is a marker for both effector and effector/memory T cells. We
therefore analyzed the NP and PA-specific CD8 T cells for other evidence of recent antigen
stimulation (Figure 5B). Although most of the NP-specific CD8 T cells in the MLN lacked
IL-7Ra expression, most of the PA-specific cells were IL-7Ro* which is a characteristic of
resting memory T cells [20]. Large percentages of NP-specific T cells in the MLN also
expressed CD69 and PD-1, which were largely absent from the PA-specific T cells at this site
(Fig 5B). Together these data indicated that the NP-specific CD8 T cell population in the MLN
was primarily composed of effector CD8 T cells (more than 65% made IFNy in vitro), while
the PA-specific CD8 T cells were mixed populations of memory CD8 T cells. Although we
do not have the means to directly examine presentation of the PA antigen after infection, the
contrasting phenotypes of the two subsets of tetramer* T cells indicated that the NP antigen
may have been expressed at higher levels in MLN than the PA antigen.

Visualization of endogenous NP3gg_374/DP-specific CD8 T cells in the MLN

Parabiosis indicated that some endogenous NP-specific CD8 T cells were retained in the MLN
during late antigen presentation [9]. Their activated phenotype was also consistent with a
continuing response to antigen stimulation (Fig 6B). We used in situ MHC class | tetramer
analysis and confocal microscopy [21;22] to examine the spatial arrangement of the NP-
specific CD8 T cells in the MLN during late antigen presentation. Sections (300 um) of MLN
were stained with the NP-tetramer (red), anti-CD8 (blue) and either anti-B220 (Fig 7A) or anti-
CD11c (green)(Fig 6C). These studies revealed substantial numbers of NP-specific cells CD8
T cells in the paracortex of the MLN (Fig. 6A), with higher concentrations in some areas which
included several micro-clusters of tetramer+ cells (Fig 6B and C). This distribution of
endogenous NP-specific T cells in the MLN 30d p.i. was similar to the distribution of F5 cells
that were analyzed 14 days after transfer (not shown) showing that the endogenous NP specific
cells were near the site of late antigen presentation.

Central memory CD8 T cells do not detect antigen in the DLN late after infection

It was recently reported that influenza-specific memory CD8 T cells do not recognize antigens
that are presented to naive CD8 T cells by CD11b™ CD8 T cells during acute influenza virus
infection [23]. Since our studies showed that CD11b+ DC were responsible for late antigen
presentation to naive F5 cells (Figs 3 and 4), we investigated whether memory CD8 T cells
were responsive to late antigen presentation. To make a supply of memory CD8 T cells for the
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transfer studies, naive CD8 T cells from CD45.1+ F5 mice were transferred to C57BL/6 mice
one day before E61-13-H17 infection. Three months later the CD45.1+ F5 cells were purified
from the spleen and peripheral lymph nodes by sterile FACS sorting.

To analyze F5 T cell activation be flow cytometry, purified memory cells were mixed with
equal numbers of naive CD45.1* CD45.2* F5 cells before CFSE-labeling. The recipient mice
were injected with mixed F5 cells (10° each) either one day before or 30 days after E61-13-
H17 infection (Fig. 7A). Both naive and memory F5 cells responded vigorously to acute
infection with E61-13-H17 as evidenced by the loss of CFSE (left panels). Although many
naive F5 cells also began dividing in the MLN 30d p.i. central/memory F5 cells in the same
lymph node did not divide as shown by a complete absence of CFSE-dilution during flow
analysis (right panels).

We also analyzed the distribution of transferred F5 cells during activation using confocal
microscopy (Fig 7B). In this case the purified CD45.1 F5 memory T cells were labeled with
the CFSE-dye before they were mixed with unlabeled naive CD45.1+ CD45.2+ F5 cells (Figure
7B). While substantial numbers of transferred memory F5 cells were detected in the paracortex
of the MLN on day 7 after transfer (marked with arrows) they remained small in size and did
not aggregate in areas where clusters of naive F5 cells were found (Fig. 7B boxed regions).
Very similar results were obtained when OT-1[14] memory T cells, were transferred to mice
that were previously infected with WSN-OVA influenza virus [24] (Fig 7C-D). The OTI
memory cells did not reveal any sign of activation after transfer by flow cytometry (changed
CD69, IL-7R, PD-1 expression or CFSE-dilution) regardless of whether they were transferred
alone, or together with naive OTI cells (Figure 7C and data not shown). Together these data
showed that the central/memory CD8 T cells failed to respond to antigen that was presented
tonaive CD8 T cellsby CD11b+ DC inthe DLN 30d p.i. even though they were fully responsive
to antigen stimulation during acute viral infection.

Discussion

Influenza infection triggers the migration of large numbers of antigen-bearing DC from the
infected lungs to the DLN where they present processed antigens directly to T cells, or transfer
the antigen to other DC which stimulate naive T cell activation [25-27]. We have shown that
naive NP-specific CD8 T cells recognize both CD11b—and CD11b+ DC in the MLN during
acute influenza infection (8-10d pi). It is unclear why these results differ from the recent report
of Belz et al who found that naive CD8 T cells were only able to respond to CD11b— DC
analyzed 7-11d pi [23], although different influenza epitopes were analyzed. Others have
shown that respiratory tract DC (RTDC) which transported inhaled antigens to the DLN after
aerosol exposure included both CD11b* and CD11b~ DC which were recognized by naive
CD8T cells[28]. We further extend our results by showing that the CD11b+ DC are responsible
for antigen presentation >30d pi, which has not been analyzed previously. Although naive F5
cellsinitiated cell division in the DLN more than a month after infection, many cells underwent
an abortive proliferative response and did not become fully differentiated. This incomplete
differentiation may have prevented many F5 cells from entering the circulation. Some central/
memory F5 cells also entered the MLN 30d pi but did not exhibit any sign of activation
(changed CD69, CD127 or PD-1 expression and CFSE-dilution) and remained small in size.
We obtained very similar results with two different strains of influenza virus (E61-13-H17 and
WSN-OVA,)). This difference in the ability of naive and memory CD8 T cells to recognize
antigen-bearing CD11b+ DC was similar to the observations of Belz et al when CD11b— DC
were analyzed earlier in the response (before d11). The mechanism that is required for memory
CD8 T cells to recognize antigen-bearing DC in vivo is not known but may require an
unidentified costimulatory molecule as recently postulated by Belz et al [23]. Alternatively,
since naive and memory T cells express different repertoires of chemokine receptors [29] it is
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possible that the central/memory T cells were not able to locate the antigen-bearing APC in
situ. The inability of the virus-specific memory CD8 T cells to respond to antigen-bearing DC
could be important for protective immunity since they may be protected from exhaustion during
prolonged antigen-presentation. Conversely, antigen-bearing CD11b+ DC may persist longer
in vivo by virtue of the fact that they are not susceptible to deletion by virus-specific memory
CD8 T cells.

Because prolonged antigen presentation has important implications for protective immunity,
we analyzed the endogenous virus-specific CD8 T cells for signs of a response to continuing
antigen stimulation after the contraction of the effector T cell response. Others have shown
that in C57BL/6 mice, endogenous CD8 T cells which are specific for the NP and PA epitopes
are equally represented in the lungs during the primary response to HKx31 (H3N2) infection,
but the NP-specific cells become dominant by approximately 5:1 during the recall response to
the serologically distinct A/PR8 (H1N1) strain [16]. Several factors that could influence the
magnitude of the response to individual T cell epitopes during viral infections have been
identified including: the mechanism of antigen processing [17;18], the concentration of
antigenic protein and its binding efficiency to MHC molecules [30], as well as the precursor
frequency of T cells which are specific for each epitope [30;31]. Although each of these
mechanisms may participate in the selection of dominant T cell epitopes during repeated
influenza virus infections no clear explanation for the shift in epitope dominance has been
identified. Our studies indicate that additional factors which have not been considered
previously may also help shape the dominance hierarchy in this model. We show that there
were large numbers of activated NP-specific CD8 T cells in the MLN between 20-50d pi,
which is the primary site of late antigen presentation [9]. At the same time we also found a
shift toward NP dominance in the MLN during primary infection, which has not been reported
previously. Since NP-specific CD8 T cells were slow to leave the MLN during parabiosis [9]
our data further suggest that some activated CD8 T cells were retained near the site of late
antigen presentation. Similar populations of CD69+ virus-specific CD8 T cells were detected
near the site of latent infection in the trigeminal ganglia after intraocular herpes virus infection
[21]. Precursor frequencies of virus-specific memory T cells have been shown to influence
epitope selection after i.p. challenge with influenza virus [18]. If the recall response to
pulmonary influenza infection is mounted preferentially in the MLN, it is likely that the
hierarchy of responding T cell specificities will also reflect the local precursor frequencies for
each CD8 T cell specificity. Large numbers of antigen-bearing DC migrate to the MLN during
the first 48h after infection [27] and participate in memory CD8 T cell reactivation [9;32]. The
changing pattern of epitope dominance during secondary infection is likely to be important for
immunity, since there is evidence that NP-specific CD8 T cells are more effective at promoting
viral clearance than are PA-specific cells [33].

In summary we have analyzed antigen presentation to CD8 T cells at different times after
influenza virus infection. Our data show that different subsets of DC activate naive CD8 T
cells in the MLN during acute viral infection and later in the response. By 30d p.i. CD11b+
DC were the only APCs that were able to induce naive F5 cells to proliferate in vitro. Despite
a robust response to acute viral infection, central/memory CD8 T cells were ignorant of the
antigen that was in the MLN on day 30. These data support earlier evidence that naive and
memory CD8 T cells use distinct mechanisms to detect antigen in some situations [23] and
highlight previously unappreciated intricacies of the mucosal immune response to influenza
virus infection. Further deciphering of this complexity should assist in rational vaccine design.
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Materials and Methods

Mice and reagents

C57BL/6 mice were purchased from Charles River through the NCI animal program. At 8-14
weeks of age, mice were anesthetized by i.p. injection with avertin (2,2,2-tribromoethanol)
before i.n. infection with 300 50% egg infectious doses (EID5p) of HKx31 or E61-13-H17
influenza virus or 1x103 pfu WSN-OVA. Virus stocks were grown in chicken eggs, titered,
and stored as described previously [34].

Transfer experiments

Memory CD8 T cells were generated by transferring 2x10° naive CD45.1* F5 cells to C57BL/
6 mice and one day later, the mice were infected with 300 EIDsg i.n. of E61-13H17.
Alternatively, C57BL/6 mice received naive CD45.1+ OT-I cells one day before infection with
10%pfu recombinant Listeria monocytogenes (LM-OVA). Between 2—4 months after infection,
CD45.1* memory CD8 T cells were sorted from the spleens and peripheral lymph nodes using
antibodies to CD45.2, B220 and CD4 for negative selection. Naive and memory F5 cells were
labeled with 1uM CFSE-dye at 37°C for 10mins [35] and transferred by tail vein injection.

Sample preparation for flow cytometry

Non-adherent cells were collected from the lungs by lavage 5 times in Hank’s balanced saline
solution (HBSS). The mice were perfused with PBS with 75 U/ml heparin until the lungs were
white in color. Ground glass microscope slides were used to make cell suspensions from spleens
and peripheral lymph nodes. Red blood cells were lysed with ammonium chloride and
lymphocytes were filtered through cell strainers. Lymphocytes were released from the chopped
lung tissues by digestion with 150 U/ml collagenase (Life Technologies, Rockville, MD) in
RPMI, 1 mM MgCl,, 1 mM CaCl, and 5% FCS, at 37°C for one hour. Cells were pushed
through strainers and spun on 44/67% Percoll gradients at 400g for 20 mins. Washed
lymphocytes were stained with tetramers that are specific for the influenza virus NP3gg_374/
DP and PA304_333/DP epitopes as described previously [16;36] and were supplied by the NIH
Tetramer Facility (Emory University Vaccine Center at Yerkes, Atlanta GA). Lymphocytes
were stained with APC-conjugated tetramers and anti-CD8 (clone 53.6.72) for 1 h. at room
temperature. All other markers were stained at 4°C using mAb specific for CD45.1, CD45.2,
CD69, CD11a, CD127, PD-1, and CD62L (EBioscience or BD Pharmingen, San Diego CA).
Fixed samples were analyzed on a Becton-Dickinson FACSCalibur or LSR-11 flow cytometer
and analyzed using Flowjo software (Tree Star Inc.).

DC purification

CD11c+ cells were isolated from the peripheral lymph nodes using 150 U/ml collagenase (Life
Technologies, Rockville, MD) in RPMI, 1 mM MgCl,, 1 mM CaCl, and 5% FCS, at 37°C for
one hour. EDTA was used to disrupt T cell/DC conjugates and CD11c+ cells were enriched
by magnetic bead separation (Invitrogen Dynal). The enriched CD11c* cells were further
fractionated by sterile FACS sorting using antibodies to CD11b and CD8. Recovered cells
were 99-97% pure. Naive CFSE-labeled F5 cells (5x104 cells/well) were cultured with purified
DCs (3-5x10% cells/well) for 4 days with 20u/ml rIL-2.

Whole mount confocal laser microscopy

Whole mount tissue staining [21] [22] was used to visualize the location of transferred naive
or memory F5 T cells after activation in situ. After transfer, fragments of lung tissue, whole
lymph nodes or 300um thick vibratome sections of lymph nodes were fixed in 2%
paraformaldehyde for two hours at 4°C. Tissues were washed and stained overnight at 4°C in
round bottom 96-well plates with Cy5 labeled anti-CD45.1 (EBiosciences), anti-B 220 Alexa
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Fluor 488 and hamster anti-mouse or biotin conjugated CD11c antibody (EBiosciences) diluted
in 2% normal goat serum and 2% fetal calf serum/PBS solution. The tissues were extensively
washed at 4°C in PBS and stained overnight at 4°C with either streptavidin-Alexa flour 546
or Cy3 antibody or Alexa flour 546 conjugated goat anti-hamster 19G (Invitrogen). Stained
tissues were washed extensively and then mounted on slides using Immu-Mount (Thermo
Shandon, Pittsburgh). B cells were detected with anti-B220 conjugated to Alexa 488. Unless
otherwise stated, images were acquired between 25-35 um beneath the capsule of the
peripheral lymph nodes. In situ tetramer staining was performed as described previously [21;
37;38] [22]. Fresh intact lymph nodes or fragments of lung tissue were incubated with APC
conjugated H-2DP tetramer containing the NP3¢6_37. peptide (1lg/ml) and fluorescently labeled
rat anti-mouse CD8 antibodies in cold 2% normal goat serum and FCS/PBS solution at 4°C
overnight. The tissues were extensively washed and fixed in 2% paraformaldehyde for two
hours at 4°C. The fixed tissues were washed again with PBS and incubated overnight at 4°C
with fluorescently labeled anti-B220 mAb or hamster anti-mouse CD11c and rabbit anti-APC
(1:1000, Biomeda, Hayword, CA) diluted in 2% normal goat serum and PBS. Next day the
tissues were washed extensively and were incubated overnight at 4°C with Alexa Flour 546
goat anti-rabbit 1gG and Alexa Fluor 488 goat anti-hamster IgG (1:1000; Invitrogen). After
final washing the tissues were mounted on slides using Immu-Mount. Images were collected
using a Zeiss LSM-510-Meta confocal microscope mounted on an Axiovert 100M with
automated xyz control equipped with an argon laser with emission at 458, 488, and 514nm,
and two HeNe lasers with emission wavelengths at 543 and 633 nm. Image analysis was
performed using Metamorph® software (Universal Imaging Corp, Downingtown, PA) and
Imaris® Suite (Bitplane Inc). The cells In some images were enumerated using the Imaris spot
check™ function. Images were first processed using the median filter algorithm. Spots
representing CD45.1* donor TCR transgenic cells were created using basic region of interest
algorithm with an estimated cell diameter of >6um.
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5-(and 6-) carboxyfluorescein diacetate succinimidyl ester
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draining lymph nodes
MLN
mediastinal lymph node
NP
nucleoprotein
PA

Acid polymerase
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Figure 1. Late T cell activation is antigen-specific

Naive CD45.1+ F5 and CD45.1/CD45.2+ OT-I cells were CFSE-labeled and then transferred
to mice that had been infected with E61-13-H17 or HKx31 30 days earlier.

A) Six days after transfer lymphocytes from the MLN and ILN were analyzed for dividing
CD8 T cells using the CFSE-dye, CD45.1 and CD45.2 markers. Gated populations of
transferred CD8 T cells are shown. The ratios of F5 to OTI cells are shown (top left). Marked
regions indicate percentages of F5 cells that divided at least once.

B) Naive CD45.1+ F5 cells were CFSE-labeled and transferred to mice 30 days after E61-13-
H17 infection. Gated populations of CD45.1+ F5 cells in the MLN and ILN were analyzed for
CD11a, CD69, CD62L, CD3 and PD-1 expression 48h (top) and 5 days (bottom) after transfer.
Percentages of cells in the marked regions are shown; MLN (top) ILN (bottom).
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E61-13-H17

Uninfected Control

Figure 2. Naive F5 cells formed stable aggregates in the DLN during late activation

Naive CD45.1+ F5 cells were transferred to mice that were infected with either E61-13-H17
30 days previously.

A) MLNs were fixed 7d after transfer and 300 um sections were analyzed with antibodies to
CD11c (red), CD45.1 (blue) and B220 (green). A 60um z stack was acquired using a 20x0.8
NA dry objective. A representative example of clustered F5 cells in the T cell area of the MLN
is shown.

B) Large aggregates of F5 cells in the MLN include both CFSE+ and CFSE— CD45.1+ cells
7d after transfer (top). C) No aggregates of F5 cells were detected in the peripheral lymph
nodes of the uninfected control animals. Merged z stacks 24 um (B) and 40 um (C) thick are
shown. Images were acquired using a 20x 0.8 NA objective.
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Figure 3. Purified CD11b+ DC stimulate cell division by naive F5 cells in vitro

A) CD11c+ cells were purified from the MLN and ILN 8d after E61-13-H17 infection. CD11c
+ cells were further subdivided using anti-CD11b and anti-CD8 antibodies and sterile FACS
sorting. Naive CFSE-labeled F5 cells were cultured (2x10% cells/well) with 5u/ml rIL-2 and
sorted APCs (3-5x10 cells/well) in vitro for 4 days as shown. Gated populations of live
CD45.1+ CD8 T cells are shown. The F5 peptide (1ug/ml) was used as a positive control for
cell division. Three independent experiments gave very similar results.

B) Different subsets of CD11c+ cells were purified 30d p.i. with E61-13-H17 and cultured (3—
5x10 cells/well) with naive CFSE-labeled F5 cells (2x10% cells/well) Su/ml rIL-2 in vitro for
4 days as shown. Gated populations of live CD45.1+ F5 cells analyzed for CFSE and PD-1
expression are shown. Three independent experiments gave very similar results.

Eur J Immunol. Author manuscript; available in PMC 2009 March 30.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Khanna et al.

Page 15

Eur J Immunol. Author manuscript; available in PMC 2009 March 30.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Khanna et al.

Page 16

Figure 4. Naive F5 cells interact with CD11b+ DC in vivo

A) CFSE-labeled F5 cells were transferred to E61-13-H17 infected mice 30d p.i. On d3 after
transfer fixed sections of MLN were analyzed with antibodies specific for CD45.1 (blue) and
CD11c (red) and CD11b (green). Z stack images were acquired using the 20x 0.75 NA dry
objective.

B) Two micron slices were analyzed for areas of direct contact (shown in white) between;
CD11c (red) and CD45.1 (blue) staining; or CD11b (green) and CD45.1 (blue) staining. Many
other similar interactions were detected in the MLN. Representative images are shown.

C) Bystander T cells did not aggregate in the MLN after influenza virus infection. F5 cells
were transferred to E61-13-H17 or D) HKx31 (lower left) infected mice 30d p.i. and analyzed
6 days later. OT-1 cells were transferred to E61-13-H17 infected mice 30d p.i. and analyzed 6
days later (right). Interactions between transferred T cells and CD11c+ APCs are shown in
white. Images were acquired using 20x 0.75 NA dry objective. Voxel size: 0.64 x 0.64 x 2
um. Merged Z stacks are shown.
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Figure 5. High frequencies of activated endogenous NP-specific CD8 T cells were detected in the

MLN 30d p.i
(A) The ratios of NP and PA-specific CD8 T cells in different tissues were recorded 30 days

after infection with E61-13-H17 (left panels) and analyzed for CD62L expression. Dot plots
show gated populations of CD8 T cells with percentages of tetramer+ cells. Histograms are
gated tetramer+ and tetramer- CD8 T cells with percentages of cells positive for CD62L. Other
experiments with HKx31 and WSN-OVA, infected mice gave similar results (data not shown).
(B) NP and PA-specific CD8 T cells in the MLN, lung and BAL fluid were analyzed for CD69,
PD-1, and IL-7R expression. Gated tetramer+ cells are shown with percentages of cells in

marked regions: MLN (top) ILN (bottom).
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Figure 6.

High concentrations of endogenous NP-specific CD8 T cells were found in localized areas of
DLN. Thirty days after E61-13-H17 infection, 300 um sections of MLN were stained with
MHC class | tetramers. Sections of fixed MLN were stained with the NP tetramer (red), anti-
CD8 (blue) and either (A) anti-B220 or (B &C) anti-CD11c (green). Original images were
acquired using 20x 0.75 NA dry objective. Voxel size: 0.64 x 0.64 x 2 um.
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Figure 7. Central memory F5 cells enter the DLN but do not respond to late antigen presentation
A) CD45.1+ F5 memory cells were isolated from influenza virus infected mice by sterile FACS
sorting. The memory cells were mixed (1:1 ratio) with naive F5 cells (CD45.1+ CD45.2+)
before CFSE labeling. Mice received 2x10° mixed cells either one day before (left panel) or
30 days after (right panel) E61-13-H17 infection. Overlaid histograms show CFSE analysis of
naive (dashed) and memory (continuous line) F5 cells on day 8 after transfer.

B) Purified CD45.1+ F5 memory cells were CFSE-labeled and then mixed with naive CD45.1
+ F5 cells before transfer to E61-13-H17 infected mice (30d p.i.). On day 7 after transfer, the
MLN were cut into 300 pm sections and stained as indicated. Memory cells were identified by
CFSE and CD45.1 staining (white/blue) and naive cells (blue). Merged z stack (60 um thick)
is shown. Boxed regions indicate clusters of naive F5 cells. Image was acquired using a 10x
0.45 NA water objective with a Voxel size of 0.9 x 0.9 x 8.9 um.

C) OT-1 memory CD8 T cells do not respond to antigen in DLN of WSN-OVA, infected mice.
Sorted CD45.1+ OT-I memory cells that were induced by LM-OVA infection four months
earlier were isolated by negative-selection and transferred separately, or together with naive
CFSE-labeled CD45.1+CD45.2+ OT-I cells, to mice that were infected 30 days earlier with
WSN-OVA, or WSN-OVA,. On day 5 after transfer the MLN were analyzed for transferred
CD8 T cells using the CD45.1 and CD45.2 markers (dot plots). Overlaid histograms show
CFSE analysis of naive (dotted) memory CD8 T cells (continuous line).

D) Purified CD45.1+ OTI memory CD8 T cells were labeled with CFSE and mixed with naive
F5 cells before transfer to mice that were infected with WSN-OVA, 30 days previously. 300
um sections were stained with anti-CD45.1 (blue) and anti-CD11c (red). Z stack images taken
with (B) 20% 0.75 NA dry objective and (C) 10x 0.45 NA water objective.
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